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ABSTRACT 

182 
Capture c r o s s  section measurements f rom 0.01 to 10 e V  on W 

Wl8? , and W employing a totally absorbing gamma-ray detector 

a re  described. The 2200 m/sec value of the capture c r o s s  section is 

compared with previously reported measurements,  and the shape and 

magnitude of the c ros s  section curve are compared with calculations using 

reported resonance parameters .  

required to account for the discrepancy between measured and calculated 

c ross  sections for W 18’ and W 

gold capture c ros s  section is  used as  a check on the techniquesemployed. 

, 
186 

Parameters  of negative energy levels 

184 are given. A measurement of the 
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INT RODUC T IO N 

The use of tungsten a s  a structural  materi'aI. for high-temperature 

reactors  has become of interest  because of the very high melting point of- 

tungsten. Since the thermal neutron capture c ros s  section of tungsten i s  

not small  it i s  important to have accurate capture c ros s  sections in the 

region of the Maxwellian neutron velocity distribution. Because of the large 

temperature difference between startup and operation, the energy dependence 

of the capture c ros s  section must be known over an appreciable energy 

interval. The capture c ros s  section shape may deviate f rom a l / v  depen- 

dence due to both positive and negative energy levels near the neutron 

binding energy of the compound nucleus, and hence knowledge of the 

2200 m / s e c  value is not sufficient. 

Several techniques have been employed to obtain capture c ros s  sec- 

tions in the low-energy region: 

1 .  

2. 

3 .  

Pile oscillator technique: (1) - 
c ross  section have a l / v  dependence, o r  a known energy 

dependence with which the value obtained can be corrected. 

Activation measurements: (2) - 
to obtain capture c ros s  sections i f  the decay scheme of the 

product nucleus i s  known and i f  s tates with suitable half-lives 

a r e  present. 

Total c r o s s  section measurements: 

c ros s  section can be obtained from this kind of measurement 

provided the scattering c ros s  section i s  either small  o r  well 

known, neither of which i s  the case for tungsten. Complications 

a r i s e  with this method due to the crystalline binding effects, and 

hence i t  is usually the practice to measure the total c ros s  section 

This method requires that the 

This technique can be employed 

Information about the capture 

1 
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a t  energies below the Bragg cutoff and to extrapolate to thermal 

energies assuming a l / v  c ros s  section dependence. (3) - A correk-  

tion must still  be made, however, for incoherent scattering. (4) - 
Calculations using resonance parameters:  

c ros s  section can be calculated from measured; resonance 

parameters  ; howeve r , r e  sonanc e parameter determinations 

a r e  subject to analytical and experimental limitations that 

usually result  in undesirably large e r r o r s .  

a r e  further hampered by the lack of information on resonances 

outside the measured region, particularly negative energy 

levels 

The low-energy 

The calculations 

4. 

Obviously a direct  energy-dependent measurement of the capture 

c ross  section i s  desirable. 

isotope has been reported in the l i terature.  

To our knowledge no such measurement on any 

In this paper we shall describe 

the capture c ros s  section measurements on the four most abundant tungsten 

isotopes, WI8', W183, W184,  and W1860 No attempt will be made to 

obtain the c ros s  sections in the peak regions of the low-energy resonances, 

where the multiple scattering effects a r e  large and a r e  strongly dependent 

on resonance parameters.  

EXPERIMENTAL TECHNIQUES 

APPARATUS 

The neutron source used in these measurements was the General 

Atomic linear accelerator. The machine parameters  used were: electron 

energy, 28 MeV; currents ,  0 . 3  to 1-A,; and burst  widths, 0.05 to 4. 5 psec 

at  22.5 pulses/sec.  

counting rate for the high c ross  section sample runs and to obtain high- 

The shorter burst  widths were used to reduce the 

r e  solution flux-calibration data. 

in Fig. 1. 

The electron target assembly is shown 

The electrons slowing down in the Fansteel' target produced 

bremsstrahlung, which in turn produced high-energy neutrons with a broad 

maximum near 1 MeV. These neutrons were slowed down to the epithermal 
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and thermal region by the water container, which also acted as  a coolant 

for the target. 

The neutron energy was determined by conventional time-of-flight 

techniques. The effective flight-path length was 18.61 f 0. 01 meters ,  which 

includes a 0. 03 meter  correction for neutron slowing-down time and the 

neutron scattering mean free path in the moderator. The entire flight path 

was maintained at a pressure  of l e s s  than 150 microns Hg, including an 

additional 2 . 5  meters  beyond the sample. The electronics used for the 

time-of-flight and pulse-height data acquisition a r e  shown in Fig. 2. 

shown a r e  the two independent B F  

the penumbra of the beam just before it enters  the scintillator. The sumcof 

the counts in the two monitors was taken to be proportional to the neutron 

flux at the sample. The signals f rom the monitors a r e  turned off for 50psec 

following the accelerator burst  to eliminate effects due to accelerator 

noise pickup and bremsstrahlung. 

Not 

flux-monitoring channels, which sample 3 

DE TEC TOR 

In the work reported here ,  the capture c ros s  section was measured by 

observing the prompt gamma rays that a r e  emitted by the compound nucleus 

upon neutron capture. 

spectral distribution is a function of the capturing isotope and the neutron 

energy. The total energy of the gamma rays i s  verynearly equal to the neutron 

binding energy of the compound nucleus. The difference between the prompt 

gamma-ray energy and the neutron binding energyis  due to the kinetic energy 

of the capturing neutron, which is very small at the neutron energies con- 

sidered here ,  and may also be due to long-livedproduct nucleus activity. 

Since i t  is usually not possible to make corrections for changesin gamma 

spectra with neutron energy, it i s  important that the gamma-ray detector 

have a gamma-detection efficiency that is independent of the gamma spectrum. 

This has  been achieved by the high-efficiency large liquid scintillator that 

was used fo r  these measurements. (Details of the detector may be 

found in Ref. 5 . )  Briefly, the detector (see F i g .  3)  consists of a 

In general, several  gamma rays a r e  emitted whose 
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2-ft. diam., hollow central  Plexiglas annulus surrounded by an a r r a y  of 

forty-four *9-in., di'am., hollow Plexiglas cylinders (logs). Each end of 

an individual log is viewed by a 5-in. photomultiplier tube (CBS-7819 o r  

Dumont 6364) .  To reduce light losses ,  the a reas  at the ends of each log 

not covered by the photomultiplier were painted with white Tygon paint. 

Each end of the central anqulus is viewed by eight 5-in. photomultiplier 

tubes. 

evacuated 6.0-in. -diam. aluminum liner positioned inside and concentric to 

a 6. 5-in. -diam.hole that extends through the central annulus. 

around the aluminum liner was a 0.125-in. -thick B 

The collimated neutron beam enters the detector through a 0.020-in. 

aluminum window, then passes  into the evacuated liner. The liquid 

scintillator solution used in the logs is decahydronaphthalene (decalin) 

containing 1 g/ l i ter  of p-terphenyl, 2 g/l i ter  of 2 ,  5 diphenyloxazole (PPO) ,  

and 0. 0 5 g /lite r of dime thyl-p -bi 6 [ 8 - (:5'-ph enyloxizo yl) 1, -benzene# I 

(dimethyl-P-OPOP);, The scintillator solution used in the 2aft.central 

The samples for the tungsten measurements were placed in an 

Wrapped 
10 

epoxy sheet. 

annulus was the same a s  that used in the logs with one exception: i t  also 

contained trimethyl-borate (10% by volume). 

added to the solution in the central annulus to suppress the 2.2-MeV gamma 

rays resulting from in-scattered neutrons being captured by hydrogen. 

The trimethyl-borate was 

FLUX MEASUREMENT 

The problem of determining the instantaneous absolute neutron flux 

at the sample can be divided into two parts:  (1) the determination of the 

shape of the +(t) versus  t curve, and (2) the normalization of this curve to 

make i t  absolute. 

The flux-shape determination is most easily accomplished by 

observing the capture gamma rays from a sample positioned inside the 

scintillator which captures essentially all of the incident neutrons. 

allows the flux-shape determination to be made using the same flight path 

and detector a s  employed in the capture data runs. 

This 
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The thickness of the mater ia l  that can be used is limited by the self- 

absorption of capture gamma rays in the sample. 

large,  the fraction of the gamma rays escaping may become a function of 

the neutron capture c ros s  section of the sample. 

fact that a capture event occurring near the front face (which is more likely 

when the c ros s  section is relatively high) can have an appreciably higher 

probability of being detected than one that originates in the interior due to 

the exponential nature of the gamma attenuation. 

investigated fo r  tliis purpose were: 

If this absorption becomes 

This a r i s e s  f rom the 

The three materials 

Useful 
2 Material Thickness (g /cm ) Energy Range (eV) 

0.804 0.0.1 - 1.2 2 boron 

cadmium 0.677 0.01 - 0.28 

indium 12.94 0.01 - 2 .0  

The indium sample was found toshow an appreciable neutron energy- 

dependent gamma-ray self-absorption effect and hence was not used. 

the boron sample, the calculated effect of self-absorption of gamma- rays 

on the f l u x  shape was much less  than 57'0, and hence no correction was made. 

Fo r  

The gamma-ray absorption was completely negligible in the case of 

cadmium. 

yielded excellent agreement between 0. 01 and 0.28 eV, and above this 

energy the boron flux shape was checked against a thin BF 

comparisons a r e  shown in Fig .  4 in which i t  can be seen that the shapes 

agree within the s ta  stical accuracy of the points, i. e.,  <1%. 

A comparison between the cadmium and boron flux shapes 

counter. The 3 

A 
From 1 to 10 eV the flux shape was measured with a 2-in. -diam. 

After a 391, self-protection correction was 1 atmosphere BF3  counter. 

applied to the data, the flux shape could be fitted within the statistical 

accuracy of the data to an exponential of the form +(t) = KE 

a constant to be determined, E i s  the energy in eV, and cy i s  the slope of the 

log  +(t) versuslog E plot. For  the target assembly used, CY = 0. 531 k0. 005. 

CY , where K i s  



. . I  

. .  

6 .  

This exponential f i t  to the flux shape was made absolute by the sat-  

urated resonance technique. 

in an energy region in which essentially all of the incident neutrons a r e  

captured. 

to use is the material  whose c r o s s  section i s  to be measured. 

important that capture predominate over scattering in order  to reduce the 

corrections for scattered neutrons lost  from the sample, and the thickness 

of the material  must not be sufficient to produce appreciable gamma 

absorption effects. 
182 

resonance in W 

This consists of measuring the counting rate  

For  reasons to be discussed la ter ,  the most convenient material  

It i s  

These two conditions a r e  fulfilled only in the 4. 15-eV 

Typical flux- :. i.' and the 4.906-eV resonance in gold. 

calibration data a r e  shown in F ig .  5. The region of negligible transmission 

is indicated by the flattening of the resonance peak. 

indicated in Fig.  5 was chosen for the flux normalization, and the data 

were corrected for resolution and multiple scattering effects (@ using the 

resonance parameters  obtained by Bernabki (7) in the case of W 

the BNL-325 (8) - parameters  for gold, 

resolution and scattering were small (<3D/o) and hence the e r r o r s  in the 

normalizations due to e r r o r s  in the resonance parameters  a r e  negligible. 

The energy interval 

182 , and 

In both cases  the corrections for 
- 

Having obtained the absolute counting rate a t  the energy of the cali- 

brating resonance, we have 

C(To)  
K =  

where B = the efficiency for the detection of a capture event, i 

C(T ) = the counting rate  observed a t  the time corresponding to 
2 

0 
the resonance energy (counts/cm /monitor count), 

2 
S = the a rea  0-f the calibrating sample (cm ), and 

E o  = the resonance energy (ev) .  

The 0.01- tolJ-eV flux shape was normalized to the absolute exponen- 

tial flux inthe 1.95- Eo 1,Z-eV region. The absolute flux shape expressed in 

te rms  of accelerator parameters  is shown in Fig .  6. 
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Gold Cross  Section 

An excellent check on the flux measurements just  described is a 

comparison of the gold capture c ros s  section obtained using this flux with 

the best available gold capture c ros s  sections obtained by the indirect 

techniques mentioned in the introduction. 

c ross  sections obtained by these techniques has recently been made (9) and 

A compilation of the gold capture 

points generated from a f i t  to data points listed in the compilation a r e  

shown in Fig .  7 ,  in which u 

scale a t  low energies. Also shown in this figure i s  the capture c r o s s  

section calculated using the high and low values for the I? I? product 
Y n  

quoted in BNL-325 (8) - for the 4. 906-eV level and the best values for the 

hJE has been plotted to allow an expanded 
Y 

higher energy resonances up to 1 keV a s  measured at  Saclay, (10) - including 

a statistical correction for resonances above 1 keV. The BNL-325 

recommended value for the 2200 m / s e c  c ros s  section is also indicated. 

The experimental data points obtained in this work were not normalized in 

any way and hence represent an absolute determination of the c ros s  section 

throughout the energy range. 

ment i s  quite good. 

capture c ros s  section with the curve calculated f rom the best values of 

the 4.906-eV parameters  and the best Saclay parameters  for the higher 

energy resonances. 

that the flux-measurement techniques just described yield results that 

a r e  probably reliable to It170 in the 0.01- to 10-eV energy region. 

As can be seen from the figure, the agree- 

Figure 8 shows a comparison of the measured gold 

These comparisons lend support to the conclusion 

Samples Used 

The gold and natural tungsten data were taken using high-purity 

metallic disks 2 inches in diameter. 

7.294 X 10 and 1.795 X 10 atoms/barn,  respectively. The tungsten 

isotopic c ros s  section data were acquired using tungsten trioxide powder 

with the thicknesses and enrichments listed in Table 1. 

The sample thicknesses were 
-4  - 3  
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The tungsten trioxide powder was pressed into thin-wall aluminum 

canisters under approximately 1000 kg/ cm2 pressure.  Radiographs 

indicated that the samples prepared in this fashion were uniform to better 

* than *570 in thickness. The weights of the canisters were all  adjusted to 

10 grams,  and an empty canister was placed in the detector to measure 

the correction to be applied to the tungsten data for captures in the canister 

mater ia l .  This correction was increased to account for the increased 

capture rate in the canister material  due to multiple scattering from the 

tungsten trioxide powder. 

CROSS SECTION ANALYSIS 

The counts observed in a time channel due to captures in isotope i 

can be written 

where E = fraction of the capture events observed in the pulse-height i 
window (usually 4 to 10 MeV), 

2 +(T)  = neutron flux (neutrons/cm /monitor count) , 

N = number of sample atoms/cmZ, 

cr = total c ros s  section (scattering plus capture),  

a i  = abundance of the ith isotope, 

cr = capture c ros s  section of the ith isotope, Y i  
s = sample a rea  (cmz),  

f o  = probability of capture of an incident neutron on the f i r s t  

interaction , and 

f = total neutron capture probability. 

The ratio f / f g  describes the multiple scattering effect, which wil l  

be discussed la ter .  
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In the case of tungsten, more than one isotope contributes to the 

observed capture ra te  due to the finite enrichment; hence, 

where the summation i s  taken over all the isotopes present ( =  4 in the 

present case) .  

Solving Eq.  ( 2 )  for the capture c ros s  section of the ith isotope we 

obtain 

( 3 )  
0 -1 C (7)O-f 

-ncr - e )f  kfi  

The summation in Eq. ( 3 )  i s  taken over the depleted isotopes. In the 

case of natural tungsten (or gold), where the sum of the abundance-weighted 

isotopic capture c r o s s  sections i s  being measured,  Eq. ( 3 )  becomes 

where e t  is the fraction of the natural  sample captures detected in the bias 

interval and i s  calaculated from 

C, 1 i i y i  acr 
- 

E t  - 1 a . r  1 yi 
i 

Equations ( 3 )  and (4) must  be solved by iteration since IJ, f o / f ,  

akckcryk, and Et are all functions of the capture c r o s s  sections being 

A computer code was written which performs the required 
C' 
measured. 

iteration and obtains the best values of the isotopic and natural c r o s s  

sections. 

In order  to determine E i ,  time-gated pulse -height distributions were 

taken for captures in the lowest energy strong resonance in each of the 

isotopes. In order  to minimize e r r o r s  due to background subtractions, the 
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"sliding window" method of background accumulation was employed: In 

this technique the sample is left in position and the time window i s  moved 

to flight t imes slightly ear l ie r  and then slightly la ter  than the time co r re s -  

ponding to the resonance in question. Since the time-dependent backgrounds 

vary only slightly within the width of a typical resonance, the average back- 

ground accumulated in this fashion i s  representative of the background in 

the resonance itself. 

reliable down to z l .  5 MeV. Below this energy an extrapolation to zero bias 

i s  necessary.  As can be seen from the measured pulse-height distributions 

shown in Figs.  9 and 10 ,  a l inear extrapolation is consistent with the shape 

Using this technique the pulse-height data were 

of the distributions. 

470 of the total. 

e r r o r  by more than &500/0, and hence a -+2% e r r o r  in the bias efficiency was 

assumed. 

The a rea  under the curves below 1. 5 MeV i s  about 

It i s  highly improbable that the extrapolation could be i n '  

The solution of Eqs. ( 3 )  and (4) requires a knowledge of the multiple 

scattering effect, i. e .  , f o / f .  The multiple scattering correction employed 

(see Appendix) is a f i r s t  o rder  analytic calculation df  the fraction f of 1 
neutrons which a r e  captured after the f i r s t  scattering collision. The 

scattering c ros s  sections f o r  tungsten were those calculated from the 

resonance parameters  listed in Ref. 11.  The low-energy scattering c ros s  

sections listed in Ref. 9 were used for oxygen and aluminum, and the 

potential scattering c ros s  section a s  determined by Seth (12)  - was used for 

gold. 4 

The calculation ignores energy changes of the scattered neutron and 

These effects a r e  the effects of thermal motion of the scattering nucleus. 

appreciable in the peak region of the low-energy resonances and hence no 

attempt was made to analyze the data in these regions. 

l The sample was considered to be an infinite slab, which i s  justified 

The 
I 

by the large diameter-to-thickness ratios for the samples employed. 

geometric se r ies  approximation f o / f  = 1 - f l / fo  was used a s  the correction 

for the total of all scattered neutron captures.  
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In all cases  the multiple scattering correction applied was l e s s  

than 157'0. 

EXPERIMENTAL RESULTS 

The values obtained in  this work for the thermal c ros s  section of 

W182, W183, W184, and W186 a r e  given in Table 11. Also included a r e  

the values recommended in BNL-325 and the values calculated f rom the 

measured resonance parameters  of the positive energy states. 

The natural tungsten c ros s  sections listed in Table I1 were obtained 

using the abundances as measured by White. (15 )  - The relative contributions 

of the various isotopes to the natural tungsten thermal c r o s s  section can 

be seen in Table III. 

The energy dependence of the c r o s s  sections is  shown in Figs.  11 

The time -of -flight data, after being corrected for analyzer through 15. 

dead time and backgrounds, were grouped and interpolated on a se t  of energy 

points. 

figures. 

than the energy difference between the points shown. 

vicinity of the low-energy resonances a r e  unreliable due to the effects of 

multiple scattering and resolution, and hence these points a r e  not shown 

in the figures. 

These energy points correspond to the data points shown in the 

In all cases  the neutron energy resolution width i s  much smaller 

Data  points in the 

The measured W182 c ros s  section shown in Fig. 1 1  i s  significantly 

higher than that calculated f rom positive energy resonances including a 

statistical t e r m  for the unresolved region. The discrepancy can be accounted 

for by postulating a l/v contribution f rom negative energy levels. 

choice of parameters  for such a level i s  arbi t rary,  with the sole restriction 

The 
I 

that the "resonance'' energy be much l e s s  than -10 eV in order  that its 

contribution vary essentially as l / v  in the region of the measurement. 

Since W182 is an even-even nucleus, g = 1.  The best  choice of I+ is  the 

average radiation width of the positive energy levels,  i. e .  , 57 meV. The 
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average reduced neutron width of 20 meV/eV1/2 was chosen, which yields a 

resonance energy of - 3 0 . 7  eV, and this is sufficiently small to yield a l / v  

contribution. The dashed curve shown in Fig. 11 w a s  obtained by adding 

this contribution to that of the positive energy levels. 

cation that the negative energy contribution does not quite vary as l / v  

because of the systematic deviation near  10 eV. 

improve the f i t  by the inclusion of a non- l /v  negative energy contribution, 

due to the doubtful significance of the deviation. 

There is some indi- 

No attempt was made to 

The W183 c r o s s  section shown in Fig. 12 i s  slightly below the cal-  

culated curve by an amount which exceeds the e r r o r s  in this measurement. 

The discrepancy i s  thought to be due to e r r o r s  in the resonance parameters  

used. 

The W184 data points shown in Fig. 13 lie well above the calculated 

curve,  which again indicates a negative energy contribution. 

e te rs"  for  the negative energy level obtained in the same fashion a s  those 

for W18' a r e :  g = 1, r = 57 meV, I?: = 48.4 meV, and EO = -110 eV. 

Again there is an indication of a non- l /v  negative energy contribution, and 

The "param- 

Y 

the significance of this deviation i s  again doubtful. 

Three calculated c r o s s  section curves for W186 a r e  shown in Fig. 14. 

The upper one was obtained from the parameters  l isted in Ref. 11 and the 

lower one from those listed in Ref. 16. 

l ie a t  an intermediate position. 

the 18.8-eV level, the e r r o r  can probably be ascribed to the rnTyproduct 

for this level , which i s  1.413 x lo-' eV 

opposed to 1.648 x eV 

lo-' eV2 for the lower one. 

to force agreement a t  thermal energy. The result  i s  the solid curve,  which 

i s  in good agreement with the data throughout the measured energy interval. 

The measured c r o s s  section of natural  tungsten i s  shown in' Fig. 15 

It can be seen that the data points 

Since the c ros s  section i s  dominated by 

2 for the measured curve a s  
2 for the upper calculated curve and 1.197 x 

The radiation width was arbi t rar i ly  adjusted 

along with a calculation from the positive energy parameters  listed in 

Ref. 11. Also shown is the calculated c r o s s  section, including the two 
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negative energy levels evaluated ear l ie r  a s  well a s  the adjusted radiation 

width of the 18.8-eV level in W186. 

because of a fortuitous cancellation of the e r r o r s  in the isotopic c r o s s  

sections calculated f rom the positive energy parameters .  The natural 

tungsten c r o s s  section obtained by abundance -weighting the measured 

isotopic c r o s s  sections is also shown. 

obtained in this way is in very good agreement with the measured c ross  

section of natural tungsten except in the region near 1 0  eV where statistical 

uncertainties a r e  appreciable. 

These two curves agree below 1 eV 

The c ross  section of natural tungsten 

ERRORS 

The e r r o r  sources involved in the c ros s  section determination fall 

into three classes:  

that affect the energy scale ,  and ( 3 )  e r r o r s  that affect the shape of the 

curve relative to the normalization point. 

not analytic in nature,  and hence only subjective estimates can be given. 

Table IV enumerates all known sources of e r r o r s  and their estimated 

magnitude for each of the isotopes. 

( 1 )  e r r o r s  that affect the normalization, ( 2 )  e r r o r s  

Some of the e r r o r s  involved a r e  

CONCLUSIONS 

183  The magnitudes of the 2200 m / s e c  c r o s s  sections f o r  W18', W 

W184, and W186 have been obtained with appreciably smaller e r r o r s  than 

have been previously reported. 

here for  the tungsten isotopes a r e  the f i r s t  in this energy region, and 

illustrate the utility of the technique a s  a check on measured low-energy 

, 

The capture c ros s  section shapes reported 

resonance parameters  and in the determination of negative energy level 

effects. 

measured directly with that obtained f rom isotopic c ros s  sections, a s  well 

a s  the agreement of the gold c ros s  section with the best  values available, 

The agreement between the c ros s  section of natural tungsten a s  
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lend support to the belief that the techniques used here  wil l  be of value in 

obtaining accurate low-energy capture c ros s  sections for most of the 

isotopes of interest  in reactor physics. 
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Appendix 

MULTIPLE SCATTERING CORRECT ION 

Consider the case of capture after zero  o r  1 scattering collision, for 

1' 
which the probabilities are f and f 

0 

0 XI X 

Probability that the neutron travels a distance XI: 

(a = total cross  section). 

Probability that it is  scattered in a layer dn': 

= scattering cross  section). tern d n ' c r  n 

0 :  Probability that the center of mass system scattering angle is  €I 

d(cos e0) /2  = d p 0 / 2  (isotropic scattering). 

Probability that the laboratory scattering angle is 8 :  

(dc1/2) (dPo/W ( p  = COS e). 

Probability that the neutron travels a distance x": 
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Probability that it is captured within dn": 

dn' 'u ' (ut and u' a r e  the c ross  sections after the first 
Y Y 

collision) 

The total probabilities for the combined events and for all possible 

combinations 

and 

f =  1 

of n', 8 ,  and n" a r e  

0- 
-n'u Y dn'u = ( l -e-nu)  - U 

Y 

For thermal neutrons the average energy loss  in the scattering colli- 

sion is zero; thus, we can put (r' = 
a r e  not affected by Doppler broadening, we can also use the stationary 

target approximation. The latter yields 

and 0-+ z my. Since l / v  c r o s s  sections 

F o r  A = ao, dp / d p  = 1, and in this special case we can car ry  out the 

integrations in Eq. (2). 
0 

We define F1(m, s) by 

0 - 0 -  

f l  =2 - F l ( m , s )  
0- 

where s = Nu. Then the integrations yield 
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2 
) - (1 - e - ' )  sEi(-s) t (1 t e-')[Ei(-s) - l n C s ]  - Ei(-2s) t l n 2 C s  

S 3 5  s .*.I ; 2 
~ ~ [ - l n c s  (1 -z...) t z - E  

where i 

s x  2 
S S - dx = In Cs  - - t-( - ... # Ei(-s) = Jw e X 1. l !  2 2. 

In Cs  = In C t In s = 0. 57722 . - .  t In s , 

The geometric se r ies  approximation 

yields 

or  

s ...I . 3 5  t - - - 
2 12 

C S  n 
[ - (0 .  57722 . . . t In s) ( l  - f O  f l  

f f O  2 r (1  - e-') 
- =  1 - - =  1 - 
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FOOTNOTES 

1. 857'0 tungsten, 7.5010 copper , and 7.5010 nickel alloy manufactured by 

Fans tee1 Corporation. 

2. In this measurement advantage w a s  taken of the modular construction 

of the scintillator by turning off all but the central  cylinder, thus 

allowing the 470-keV boron capture gamma rays to be observed under 

low background conditions. 

The low-energy scattering c ros s  sections l isted in Ref. 11 seem to be 

in e r r o r .  

These scattering c ros s  sections were also used in the calculation of the 

total c ros s  sections. 

3 .  

4. 
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Enriched 
Isotope 

182 

183 

184 

186 

TABLE I 

Abundances and Thicknesses of Enriched Tungsten Samples 

Abundances Thickness 
180 182 183 184 186 (atoms/barn) 

CO. 0003 0.945 0.0209 0.0234 0.0109 2 . 4 2 3 ~ 1 0 - ~  

<0.001 0.052 0,813 0.073 0.062 8 . 6 8 5 ~ 1 0 - ~  

CO. 0005 0.0174 0. 0174 0.942 0. 0235 2 . 4 5 2 ~ 1 0 - ~  

<0.001 0.0057 0.0041 0.0183 0.972 1 . 2 7 0 ~ 1 0 - ~  
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TABLE I1 

Capture Cross  Section at 0.0253 eV 

Isotope 

180 

182 

183 

184 

186 

Natural 

CalculatedC 

Gold 

BNL-325 

60 ,O+&O .# 0 

2o.ort2.0 

ll.Ort1. 0 

2.  o*o. 3 

35. 0*3. 0 

19. 22~1.0 

17. 5 

98.8*0.3 

F r o m  
Parameters  

a 

13. 5 

9.5 

0. 76 

44.2b 

19. 9 

18.2 

97.0 

This Work 

- - - -  
20. 7*0. 5 

10. orto. 3 

1. 7rtO. 1 

37. 8kl.  2 

18. 3*0. 5 

18. 3kO. 5 

98. 7kl. 8 

aThere a r e  no reported parameters  for  W 180. , 
however, a resonance at 15.8 eV has been assigned 
to this isotope (13). 

bA recent infinite dilution resonance integral 
measurement on W186 (14) yielded a value 20% lower 
than that calculated from resonance parameters ,  which 
may indicate that the reported radiation width of the 
18-eV level is too large. 

using 60 barns  for  Wl8O0 The agreement between 
the measured and calculated natural c ross  section 
of this work i s  fortuitous. 

%a1 culat e d abundance - weight e d c r o s s s e ct ion 
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Thermal 
Capture 

Cross  Section 
(barns) 

TABLE I11 

Contributions of Isotopes to Thermal. Cross  Section of Natural Tungsten 

Thermal 
Contribution 

(barns) 70 of Total 

1 
Isotope 

Natural 
Abundance 

180 

182 

183 

184 

186 

1.42*0.04 

0. 52*0. 03 

0.00126 

0.263 1 

0. 1428 

0.3064 

0.2864 

7. 8*0. 2 

2. 8k0.2 

37. 8 k l .  2 

(60. 0*60. 0)" I 0.076*0.076 I 0.4*0.4 

10.83*0. 34 59 .2kl .  9 

20. 7*0. 5 I 5.45kO. 13 I 29.8kO. 7 

10. o*o. 3 

1. 7kO. 1 

"BNL-325 value used. 



E r r o r  

<0.01 

0.04 

- <0.01 

0.7 - <o. 01 L 

.# 1 . 0  

2.0a ' 

0.8 

0-  1 

0.9 
L I 
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<o. 01 

<o. 01 

<o. 01 

0 . 6  

<0.01 

0 . 1  

0 

0.7 

0 

1.7 

Sources  

TABLE IV 

and Estitpated 

C l a s s  ( l ) ,  E r r o r s  in  Normalization 

1-1  P a r a m e t e r s  of flux calibration resonances 
(4.15 eV in W182 and 4.906 eV in Au197) 

. 1-2 Resolution correct ion to flux calibration 

1 - 3  Analyzer dead time correct ion 

1-4 

1-5 Background subtraction in calibration 

1-6 

1-7 Extrapolation to zero  bias  

1-8 Gain shift af ter  normalization 

1-9 Gamma attenuation in sample 

1-10 

Statistical e r r o r s  in  calibration interval 

Puri ty  and deviation f r o m  stoichiometric composition 

E r r o r  in flux shape exponent 

C l a s s  ( Z ) ,  E r r o r s  in  Energy Scale 

2 -  1 Flight path length 

2-2 Frequency o r  analyzer  clock 

2-3  Analyzer s t a r t  time 

C l a s s  ( 3 ) ,  Shape E r r o r s  

3-1 Scattering c r o s s  section used in multiple 
scattering calc d a t i o n  

3-2 Assumption of no energy change in scat tered 
neutrons,  infinite slab approximation and 
isotropic scat ter ing approximation in  m d L p l e  
scat ter ing calculation 

3 3-3 Effect of WO on aluminum capture  

3-4 Isotopic abundances 

3-5 

3-6 

3-7 Boron flux shape 

3-8 Analyzer dead t ime correct ion 

3-9 

3-10 Flux-capture flight path differences 

3- 11 Background subtraction 

3-12 

Subtraction of captures  due to  contaminating isotopes 

Statistical uncertainty in  data  points 

Insensitivity to gamma spectrum changes 

E r r o r  in flux shape exponente 

a~ for  w18'. 

Magnitude 

- 

0.5 

b 

0.01 

0.5 

0.1 

1.2-3 

1 .0  

<o. 01 

0.1 

<O. 7 

<o.  3 

<0 .9  . 

<o. 1 

1.0-0.1 

0 . 3  

1 0 . 1  

0 . 3  

0 .5  

0 . 6  

0. 1-5 

1.0 

0.0 

0 .1  

< O .  7 

1 . 3 - 5  

<0.9  

0 . 8  

<o. 1 

0 . 6  

0.5 

3.8 

1-10 

1.0 

< O . O i  

0.1  

<o. 7 

2-11 

< O .  9 

0 . 3  

<o. 1 

<o. 01 

0.5 

0.02 

0 .1-3  

1.0 

<o.  01 

0.1 

<o. 7 

<o. 2 

< O .  9 

- 

0 . 0 2  

<0.01 

0 

0 

0 

1.113 

1.0 

<o. 01 

0.1 

< O .  7 

<o. 3 

< O .  9 

bThese l imits  might be exceeded in the 5- to 7.5-eV region in W18' and the 9- to IO-eV region in 
W183, due to  the la rge  energy l o s s  in oxygen scat ter ing which might sca t te r  neutrons into the low-energy 
resonances in these isotopes. 

'These e r r o r s  are exceeded in  the peak region of the low-energy resonances. 

d E r r o r s  due to  backgrounds a r e  la rges t  f r o m  1 to 10 eV, and a r e  very  much smaller at other energies. 

e l  to 10 eV only. - 
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Fig .  5--Flux calibration data using the 4. 15 eV resonance in W . 

The sample i s  0. 01-in. natural tungsten. 
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